Abstract: Polypropylene (PP) contains promising application prospects in thermoplastic cables for high voltage direct current (HVDC) power transmission because of its outstanding thermal and dielectric properties. However, the problem of poor toughness and space charge has restricted the application of pure PP in HVDC cables. In this paper, polyolefin elastomer (POE) and nano-silica were blended thoroughly and added into a PP mixture by a melting method. Scanning electron microscopy (SEM) was employed to observe the dispersion of POE and nanoparticles. Thermal properties were characterized by differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA). Mechanical properties were evaluated by tensile tests. The elastomeric properties of composites were improved as the dispersed POE could transfer and homogenize external mechanical forces. DC breakdown results showed that the fail strength of composite with 10 phr POE and 1 phr nano-silica was obviously enhanced. The pulsed electro-acoustic (PEA) results showed that the injection and accumulation of space charge was increased by the introduction of POE, while it was restrained by the collective effect caused by nano-silica filling. X-ray diffraction (XRD) spectrograms showed that secondary ordered structures existed in the composites of PP, POE, and nano-silica, and that the ordered structure around the nanoparticles contributed to the enhancement of breakdown strength. The mechanical and dielectric properties were modified synergistically, which made the modified PP a propitious insulation material for HVDC cables.
Introduction
The high-voltage direct current (HVDC) system, which requires smaller cables and less loops, has obvious advantages over alter current (AC) systems in long-distance transmission. Nowadays, the HVDC system has become an important part of the electrical grid. Thus, more reliable and environment-friendly DC cables are required. Cross-linked polyethylene (XLPE) is the currently used insulation material for HVDC cables. However, XLPE is difficult to recycle due to its thermosetting structure. Besides, the problem of space charge caused by HVDC fields makes XLPE less dependable and greatly shortens its service life [1] [2] [3] . Unlike XLPE, polypropylene (PP) is easy to process and recycle because of its thermoplastic structure. Therefore, modified PP, which has excellent dielectric and thermo-mechanical properties, is a relatively ideal substitute for XLPE [4] .
The accumulation of space charge under a HVDC field and its poor toughness limits the use of pure PP in HVDC cables. In order to improve the mechanical properties, elastomers, such as ethylene-propylene copolymer, and ethylene-octene copolymer (a kind of POE with a low dielectric constant) are blended with PP. The mechanical properties, such as toughness, impact, and tensile strength, are modified in the blends prepared by physical blending, and the application practicability of the blends in HVDC cables is under discussion [5] [6] [7] [8] [9] . However, the problem of space charge is more serious in blends of PP and POE [10] . The reliability deteriorates and service life is shortened by trapping, detrapping, agglomeration, and migration of space charge [11, 12] . An effective method to repress space charge is to control trap distribution by forming the interphase of nano-filler and polymer matrix. Previous studies have shown that the introduction of light nano-fillers, such as MgO, Al 2 O 3 , silica (SiO 2 ), montmorillonite (MMT), ZnO and so on, into semicrystalline polymers of PP or polyethylene (PE), successfully repress space charge and increase the breakdown strength [13] [14] [15] [16] . The nano-SiO 2 can disperse uniformly in PP and modify its thermal and mechanical properties, and the potential use of nanocomposites as an insulating material in HVDC cables has been proved [17, 18] .
In this paper, the POE and nano-SiO 2 were blended into PP to modify its mechanical and dielectric properties. The growth of PP spherulites was inhibited by POE. The dispersed POE in PP, which can concentrate and transform mechanical stress, ameliorated the toughness of the sample. The function of nano-fillers in polymer matrix had two aspects. On the one hand, as the center of heterogeneous nucleation, it promoted the formation of micro crystals. On the other hand, it had a nanometer effect, which controlled the state structure of the composite, to suppress the space charge and improve the breakdown strength. Therefore, POE and nano-SiO 2 particles were blended into the PP matrix by a melting method. This influenced the crystal structure of PP, and thus improved its mechanical and dielectric properties.
Materials and Experimental Procedure

Samples Preparation
The matrix was isotactic PP (HC314BF, Borealis, Abu Dhabi, United Arab Emirates), and its melt index was 3.9 g/10 min (230 • C/2.16 kg). The POE selected in this study was ethylene-octene copolymer particles (POE-0201, Exxon Mobil Corporation, Shanghai, China). Its melt index was 2.5 g/10 min (190 • C/2.16 kg), and its melting temperature was 97 • C. The content of octane in the copolymer was 20% to 30%, and its density was 0.902 g/cm 3 . The nano-SiO 2 was modified by silica agent KH570, and the average diameter was 30 nm. The composite compound of PP and POE was melted using an internal mixer (HAAKE Polylab QC, torque rheometer, Waltham, MA, USA) at 180 • C, counter-rotating at a speed of 40 rpm for 20 min. In order to disperse the nano-filler, the nano-SiO 2 and POE were first melted at 175 • C and 40 rpm for 15 min to prepare the master batch, then the PP was blended with the master batch at 180 • C and 40 rpm for 20 min to prepare the composite of PP/POE/SiO 2 . The 0.3 phr antioxidant (Irganox 1010, BASF, Shanghai, China) was mixed into all samples at the beginning of melting to avoid degradation. The antioxidant was organic powder and it could be melted into the polymer at the process temperature. The abbreviations and components of the composites are shown in Table 1 . All of the samples were pressed to the required thickness with compression molding under 190 • C for 15 min. 
Dispersion of POE and Nano-Silica
Different from PP, the POE could be dissolved in heptane. After immersion in heptane at 50 • C for 4 h, the POE dissolved and formed cracks at its surface. In an etch agent of potassium permanganate and concentrated sulfuric acid, POE and an amorphous fraction of PP were etched first, and the inner nano-silica was exposed. The PP/POE/SiO 2 samples were etched in etch agent for 8 h at room temperature before observation. The samples after etching were sputtered by gold and observed by scanning electron microscope (SEM, KEYENCEVE-9800S, KEYENCE, Osaka, Japan).
Electrical Properties
According to the standard of ASTM D1389, the thickness of the samples for the DC breakdown experiment was about 0.13 mm. Tests were taken with a sphere-sphere electrode in insulating oil, and the voltage ramp was 2 kV/s. Breakdown tests were taken at least 30 times for each composition, and the Weibull statistic was used for analyzing their breakdown properties. The space charge distribution was measured by the pulsed electro-acoustic (PEA, Five Lab Peanut) method. The injection DC field was 60 kV/mm. The amplitude and pulse width of the pulse voltage were 600 V and 5 ns respectively. The voltage application time was 1800 s and the short circle time was 600 s.
Thermal and Mechanical Properties
Differential scanning calorimetry (DSC, STARe DSC822e, METTLER TOLEDO, Zurich, Switzerland) was employed to measure the melting and crystalline process. The melting and crystalline curves were gained from 25 to 190 • C with a 10 • C/min heating and cooling ramp. The crystallinity W c was calculated from the DSC result by Equation (1) .
where, ∆H m was the melting enthalpy; H 0 was the theoretical melting enthalpy of the completely crystallized form, and H 0 was 209 J/g for the isotactic PP [19] ; x was mass fraction of the inorganic fillers in composite. The thermal-mechanical properties, such as loss modulus and storage modulus, were measured by 0.1 Hz mechanical vibrations over the temperature range from −30 to 100 • C with a dynamic mechanical analysis (DMA, METTLER SDTA1+, METTLER TOLEDO, Zurich, Switzerland) method. The measurement was taken with a tensile model at a heating rate of 2 • C/min, and the sample size was 0.1 mm × 4 mm × 9 mm. The mechanical tensile test was carried out by an electronic universal testing machine (CMT4304, METTLER TOLEDO, Zurich, Switzerland) according to the experimental standard of ISO 527-3:1995. The experimental sample was a 4 mm × 0.15 mm dumbbell sample with a measurement length of 20 mm, and the tensile rate was 100 mm/min. At least five samples of each group were measured to obtain an average value.
Results
Dispersion of POE and Nano-Filler
The SEM images of composites with various POE content were shown in Figure 1 . The micro-crack at the surface resulted from POE dissolving in heptane; thus, the size and distribution of POE could be indicated by that of the micro-cracks. Cracks did not form on the PP surface, as the PP could not dissolve in heptane. POE was dispersed in the PP matrix and the size was smaller than 1 µm in a composite with low content, as shown in images of PP/POE-05 and PP/POE-1. The size of the crack was increased, with an increase of POE content, which formed a continuous distribution. The size of POE was larger than 10 µm in samples of PP/POE-3 and PP/POE-5.
The nano-silica was exposed after POE, and the amorphous PP was etched by a solution of potassium permanganate and concentrated sulfuric acid. The high brightness and continuous regions in the images indicated the PP crystal areas that were not corroded, and the small spherical regions were nano-silica, as shown in Figure 2 . The nano-silica was dispersed evenly in the composites of PP/POE/SiO 2 -05 and PP/POE/SiO 2 -1, and its size was about 100 nm. The agglomeration emerged as the content of nano-silica increased. The nano-silica aggregated together and formed a micron-scale distribution, as shown in the images of PP/POE-3 and PP/POE-5. 
DC Breakdown Strength
The breakdown field strength was an important factor to evaluate the reliability of the insulation. In this study, the DC breakdown strength of PP and the composites with different concentrations of POE and nano-silica were measured. Dielectric breakdown followed a certain probability distribution. The Weibull distribution was used to analyze the breakdown data. The probability distribution function of breakdown strength could be expressed by Equation (2):
where: E b was the experimental value of the breakdown strength (kV/mm). α was the strength of 63.2% breakdown probability, which was known as the scale parameter and the characteristic breakdown field strength (kV/mm). β was a shape parameter that represented the probability distribution of breakdown field strength, representing the dispersion of the breakdown data. P f was the probability distribution function. For 30 samples, it could be expressed as a probability distribution Function (3):
where: i was the sample sequence number and n were the sample numbers. The statistical distribution of 30 samples of breakdown strength in each group were analyzed by Weibull statistics, as shown in Figure 3 , and the Weibull statistic data is listed in Table 2 . The breakdown strength was reduced with an increase in POE content, as shown in Figure 3a . The shape parameter β of PP/POE-1 with 10 phr POE content was increased, which indicated that the scatter of breakdown strength decreased. This was caused by the connection of POE. The continuous distribution of large-scale POE formed weak areas for electric field concentration, where electrons moved easily and resulted in breakdown. The filling of nano-silica enhanced the breakdown strength, as shown in Figure 3b . With an increase nano-silica content, the breakdown strength of composite was first increased, and then it decreased. The maximum value was reached when the composite contained 1 phr nano-silica and 10 phr POE. In the samples of PP/POE/SiO 2 -1 with 1 phr nano-silica and 10 phr POE, the α increased by 25% and β was raised by about four-fold. The results of the DC breakdown test showed that the PP/POE-1 and PP/POE/SiO 2 -1 could be selected as potential insulation materials for HVDC cables, and so the space charge, thermal, and mechanical properties of this two samples were tested and analyzed.
Space Charge Distribution
The injection, accumulation, and migration of space charge could result in insulation aging and failure. Therefore, it was important to suppress the space charge in the DC insulation design. The space charge measurement was taken with the samples of PP/POE/SiO 2 -1 and PP/POE-1, which had obvious rises in breakdown strength. The distribution of space charge in 60 kV/mm DC stress is shown in Figure 4 . The DC voltage was applied for 1800 s and sampled at 0 s, 60 s, 300 s, 600 s, and 1800 s, and then short circuited for 600 s. Under DC stress, the hetero-charges near the cathode in the PP sample accumulated, and the amount of charges increased with an increase in the voltage0applied time, and more charges moved to the interior. A small amount of hetero-charges were retained near the anode, and they were attenuated at the short circuit time, as shown in Figure 4a ,b. Hetero-charges accumulated near the cathode and homo-charges appeared near the anode in the PP/POE-1 sample. The hetero-charge moved into bulk under the application of voltage. After short circuit, the hetero-charge accumulated in the vicinity of the cathode and anode, and residual charges in the sample attenuated slowly with time, as shown in Figure 4c ,d. Impurities and weak-bound ions in the PP and blends, which originated from raw materials and manufacturing process, could be polarized or ionized under a DC electric field. Meanwhile, charges would be injected from the electrode into the samples. The charges originating from the above sources could be trapped, and then space charge accumulation would take place [20] . Since the positive ion was heavier than the electron, the mobility of the positive ion was much lower than that of the electron under the same applied stress. Thus, the positive space charge accumulation formed near the cathode in the pure PP and PP/POE-1 [10] . There was almost no charge accumulated in PP/POE/SiO 2 -1 under DC stress. Furthermore, the residual charges were of a small number and almost completely attenuated after short circuit for 600 s, as shown in Figure 4e ,f. Nano-silica fillings, which inhibited the injection of space charge, was responsible for this difference.
Thermal Properties
The enthalpy curves of heating and cooling of DSC were shown in Figure 5 . The melting enthalpy ∆H m and melting temperature T m could be calculated by heating curves. The crystalline onset temperature θ 0 , crystallization peak temperature θ p and half width of crystalline peak ∆W could be gained from cooling curves.
The parameters of melting and crystallizing were listed in Table 3 . The crystalline onset temperature θ 0 and crystallization peak temperature θ p of PP/POE/SiO 2 -1 were higher than PP, which indicated that the filling of POE and the nano-silica promoted crystallization at high temperature. Because the POE blocked the growth of crystal, the crystallinity of PP/POE-1 was lower than that of the PP, while the ∆W increased. The melting temperature T m of composites was lower than that of PP because of the introduction of POE, which had a low crystallinity and melting temperature. Endothermic melting occurred below 150 • C in PP/POE-1, which was attributed to the faster activation of the POE chain than the PP chain in the heating process. Crystallinity was related to the cooling process. In order to reveal real crystallization, the value of crystallinity was calculated from the melting integral value. The process of heterogeneous nucleation, enhanced by nano-silica filling, promoted even growth of small crystals in PP/POE/SiO 2 -1.This was the reason for the increase in crystallinity. 
XRD Analysis
The intensity of X ray diffraction (XRD) is shown in Figure 6 . The peaks of PP/POE/SiO 2 -1 had the highest intensity, which indicated that the crystallinity of PP/POE/SiO 2 -1 was higher than that of PP and PP/POE, consistent with the results of DSC. The diffraction peak at a Bragg angle of 14.1 • , 17.08 • , and 18.6 • was the surface diffraction of a monoclinic crystal (α crystal), which indicated that the main crystal structures of those samples were α crystals [21] . The low split peaks at 21.2 • and 21.9 • were caused by the diffraction of incomplete crystallization. In PP/POE-1, the intensity of split peaks was the highest, because there was more incomplete crystallization in this sample than the others. The filling of nano-SiO 2 promoted the formation of hexagonal crystals (β crystal), which were proven by the diffraction peak of the β crystal appearing at 16.2 • in PP/POE/SiO 2 -1.
Thermal-Mechanical Properties
The storage modulus M and loss modulus M" of PP/POE-1 and PP/POE/SiO 2 -1 was shown in Figure 7 . When the temperatures were below 0 • C, the storage modulus M of all samples was higher than 1 GPa. This indicated that the PP and composites were rigid at this temperature. The storage modulus M' and integral of loss peak 2 of PP/POE-1 and PP/POE/SiO 2 -1 were lower than PP, which was attributed to the increase of elasticity caused by POE blending. The POE had elastic behavior and low loss modulus. The molecular chain was easy to move under external force. The POE dispersed in PP could transfer and homogenize the external force and increase the elasticity.
Peak 2 and peak 3 in Figure 7b appeared at a range of 20 to 60 • C and −10 to 10 • C respectively, which were attributed to different phase changes. The loss peak 2 represented an amorphous phase transition around the glass transition temperature. The loss peak 3 corresponded to a secondary ordered structure transition in an amorphous phase, and the temperature of secondary transition was higher than that of the amorphous phase [22] . The loss peak 1 at −20 • C was from the phase transmission of POE that was linked weakly with PP in PP/POE-1 samples. The POE promoted the secondary phase moving to lower temperatures in the composites. That was why the peak 3 temperature of PP/POE-1 and PP/POE/SiO 2 -1 was lower than PP. 
Mechanical Properties
Mechanical properties are one of the important factors that hinder the application of PP in cables. In order to evaluate the application feasibility of PP-based composite in HVDC cables, a mechanical tensile test was carried out. The stress-strain curve was shown in Figure 8 . The long octyl chain in the POE molecular structure formed a joint point, which could joint and buffer the applied stress. When the sample was subjected to tension, the network structure formed by these junction points could be greatly deformed and transfer the stress. Therefore, the elongation at break of the composite with POE had a significant increase. The yield strain points of composites with POE lagged behind PP, so that second stress concentrations appeared between 200% and 300% tensile strain in the composites. The inorganic nano-SiO 2 particle was rigid in itself, and the heterogeneous nucleation of the nanoparticles could improve the crystallinity of the composite. Two aspects mentioned above may have reduced the toughness. In this study, the filling of nano-SiO 2 particles had little effect on the toughness of composite. The main reason for this was that the POE molecular chain around the nano-SiO 2 particles formed a non-rigid filling, and at the same time the nano-scale-dispersed nano-SiO 2 particles formed a strong interaction with the polymer chain. The mechanical tensile parameters of PP and its composites are shown in Table 4 . The blending of PP/POE reduced the yield strength and elastic modulus of the composites, consistent with the results of DMA. The decrease of elastic modulus showed that the stiffness of the composites decreased and the toughness increased, which was conducive to the application in cable insulation. Comparing the stress-strain characteristics of PP/POE-1 and PP/POE/SiO 2 , it could be seen that the addition of nanoparticles had little effect on the mechanical properties. 
Discussion
In the PP/POE-1 composite, POE was mainly dispersed in the matrix and the low order molecular chain was related to amorphous phase of PP, as shown in Figure 9a . The distribution of POE in PP hindered the orderly arrangement of chains, and thus hindered the crystallization of PP, leading to a decrease in the crystallinity of the PP/POE-1. The secondary phase change temperature in the amorphous region was also reduced by POE, which showed the decrease of the α phase change temperature in loss modulus of DMA results. In the blend of PP and POE, the main interaction was physical and not completely compatible. The disordered chains of POE were activated faster than the PP chains during heating, appearing as a γ phase change in the XRD results, and resulting in endothermic melting below 150 • C in the DSC results [8] . A large distributed localized state introduced by POE promoted the injection and accumulation of the space charge. Therefore, a number of holes accumulated in the PP/POE composite. The weak relation of POE between the PP matrix formed structure defects, which increased the free length and promoted the energy storage of the carrier. The stress concentration caused by the space charge and the carrier energy accumulated in the defects, which resulted in the breakdown of the PP/POE composite, and the breakdown strength decreased with an increase of POE content. The heterogenous nucleation of nano-SiO 2 improved the order arrangement of the polymer chain. The PP and POE chain were arranged radially around the nano-SiO 2 and formed new and compact secondary ordered structures in the amorphous region [23] , as sketched in Figure 9b . The crystallinity of PP/POE/SiO 2 -1 and the interaction of PP and POE was enhanced by the secondary structure around nano-SiO 2 , and the movement of the chain was restricted. Thus, only one peak of endothermic melting was formed in the DSC results, and the temperature of the α phase change increased. At the same time, the ordered structure around the nano-SiO 2 -introduced localized state suppressed the injection of the space charge, especially the hole [24, 25] . The improvement of structural integrity and inhibition of space charges enhanced the breakdown strength of PP/POE/SiO 2 -1 composites.
Conclusions
The PP-based composites with various POE and nano-SiO 2 content were fabricated by a melting blend method, and samples were evaluated by DC breakdown strength to select the optimum composition. The difference in chain arrangement was revealed by thermal and thermal-mechanical properties indirectly.
In composites compounded with PP and POE, a micro-scale continuous phases formed when the POE content was more than 10 phr. In nanocomposites compounded with PP, POE, and nano-SiO 2 , agglomerations of nano-fillers emerged when their contents exceeded 1 phr. The large continuous phase of POE and aggregation of nano-SiO 2 resulted in a decrease of breakdown strength.
In PP/POE-1 composites, the crystalline and storage modulus were reduced by the introduction of POE, which increased the feasibility of application in HVDC cables. Nevertheless, the amorphous POE were incompletely compatible with PP, and the dispersed phase inhibited the growth of crystals and formed structure defects, leading to the injection and accumulation of space charge and the reduction of breakdown strength.
In PP/POE/SiO 2 -1 composites, the modification of thermal and mechanical properties were hardly affected by nano-SiO 2 doping, while the space charge was suppressed by the secondary ordered structure around nano-SiO 2 , which increased the DC breakdown strength. PP has broad application prospects in HVDC cables, with synergistically modified mechanical, thermal and dielectric properties. 
